The N-methylation of amines using CO 2 and PhSiH 3 as source of CH 3 was efficiently performed using a N-heterocyclic carbene copper(I) complex. The methodology was found compatible with aromatic and aliphatic primary and secondary amines. Synthetic and computational studies have been carried out to support the proposed reaction mechanism for this transformation.
Introduction
The simple methylation of amines is a well-known transformation in organic chemistry leading to compounds having applications in the synthesis of dyes, natural products and fine chemicals.
1 Several synthetic protocols exist to achieve this transformation and include the nucleophilic substitution of electrophilic methylating reagents (e.g., methyl iodide) and the methylation with formaldehyde in the presence of reducing reagents (e.g., formic acid and metal hydride). 2 However, important drawbacks are associated with these procedures such as reagent toxicity or limitation in the substrate scope. Recently, alternative methodologies have been reported based on the use of CO 2 as a methylating reagent. CO 2 is an inexpensive, non-toxic and the most abundant carbon source. It is potentially the most attractive C 1 feedstock to introduce carbon into molecules. 3 In 2013, Cantat and co-workers reported an interesting methodology based on zinc using [Zn(Cl) 2 (IPr)] (IPr = N,N′-bis-[2,6-(di-iso-propyl)phenyl] imidazol-2-ylidene) as catalyst. Phenylsilane was used as the reducing reagent (Scheme 1). 4 Almost concomitantly, Beller and coworkers disclosed a ruthenium-based methodology. 5 For the latter, excess silane was required under 30 bar of carbon dioxide. Shortly after, the same group reported a variant of this transformation replacing the silane with hydrogen gas. However, high pressure of H 2 (60 bar) and CO 2 (20 bar) were required as well as long reaction times (24 h to 48 h) and elevated temperature (140°C). Independently, Leitner and coworkers reported that an alternative ruthenium based-system could enable this transformation. 6 Recently, a nickel/phosphine system able to promote this transformation was investigated. 7 Organocatalysts have also been shown as efficient promoters of this transformation. 8 Finally, Beller and Cantat also showed that formic acid can be used as C 1 source or as both C 1 and hydrogen source. 9, 10 Despite their elegance, these protocols suffer from the use of relatively expensive metals and 13, 14 Based on these observations, it was hypothesised that the reactivity of NHCcopper complexes could be extended to the methylation of N-H bonds. In particular, this could be performed in two steps: a carboxylation followed by a reduction. Herein, we reported the first Cu-catalysed methylation of amines with mechanistic insight into the fixation of CO 2 with amines.
Results and discussion
In the initial optimisation studies, N-methylaniline 5a was chosen as the benchmark substrate ( Table 1 ). The hydroxide complex 1 (Fig. 1) showed interesting reactivity in solvents such as toluene or benzene. However, no activity was observed in alcohol solvents. By using its tert-butoxide congener, 2, the conversion to the desired compound slightly increased (Table 1 , entries 5 and 6). The nature of the NHC ligand was next examined. When the bulkier IPr* was used (3), only 22% conversion to the methylated product was observed. On the other hand, the IMes analogue complex [Cu(O t Bu)-(IMes)] 4 exhibits improved reactivity. Indeed, in the presence of 4, full conversion into the desired product is observed in toluene after 20 h.
Based on these promising results, the influence of the reaction time was examined. After 2 hours all starting material was converted into a mixture of amide (60%) and N-methylamine (40%). This highlights that the CO 2 insertion occurs in less than 2 hours and that it is not the rate-limiting step in the transformation. As a function of time, the amount of N-methylation increased. After 8 hours, 70% of the desired compound was obtained. Finally, the optimal reaction conditions for the transformation were determined to be [Cu(O t Bu)(IMes)]
(10 mol%), phenylsilane at 100°C under 2 bar of CO 2 for 20 h. Using these conditions, the scope of the reaction was investigated, starting with secondary amines (Scheme 2).
N,N-Dimethylaniline 5b was obtained quantitatively and selectively. Sterically congested N-methylanilines such as 6a and 7a were efficiently converted into the desired compounds, Fig. 1 Catalysts studied in the N-methylation.
Scheme 2 Cu-catalysed methylation of secondary amines using CO 2 as C 1 building block. Reaction conditions: amine (0.25 mmol), 4 (10 mol%), PhSiH 3 (2 equiv.), toluene (2 mL), CO 2 (2 bar), 100°C, 20 h. Conversions determined by GC, based on amine, minimum average of two reactions.
Bu (10 mol%), PhSiH 3 (4 equiv.). the major product being the methylated compound (85% and 82%, respectively). In contrast, while full consumption of starting materials was also observed with compounds 8-11, the major product under these reaction conditions (2 equiv. PhSiH 3 , no base) was the amide intermediate. In order to overcome this issue, the reaction conditions were further optimised, and the addition of additives was investigated (Table 2) .
By adding a catalytic amount of KO t Bu (10 mol% -II), an important increase in the formation of the methylated compound was observed for substates 9a-11a while only a slight improvement was observed for 8a. The same trend was observed by doubling the amount of silane. Finally, by combining the two variations (4 equiv. of silane and 10 mol% KO t Bu), the conversion of all substrates towards the desired compounds was drastically improved. Although KO t Bu may be required to promote catalyst regeneration, by doubling its amount no further improvement was observed.
It is interesting to note that, under our standard reaction conditions, i.e. without adding 10 mol% of KO t Bu, substrate 9a leads to a 14% conversion of the methylated compound while the more hindered N,N-dicyclohexylamine (10a) is converted in 45%.
Primary amines were next considered (Scheme 3). All substrates investigated were completely converted into a mixture of mono-and di-methylated compounds and their corresponding amide derivatives. Interestingly, the bulkiness of the ortho substituents of substrates 12a and 13a did not affect the outcome of the reaction; both led to the dimethylated product. No amide intermediate was observed with substrate 14a. In the case of methylthio-anilines, the position of the (S-CH 3 ) substituent proved to be crucial. While 2-(methylthio)-aniline (15a) was fully converted into the dimethylated product, only 10% of the corresponding para-substituted product was isolated. Also in this case, the addition of a catalytic amount of KO t Bu proved to have a positive effect on the reaction. In fact, the formation of the monomethylated compound 13b was improved while an increase in dimethylated product was observed for substrates 12a and 14a.
Mechanistic studies
The proposed mechanism for the methylation of amines with CO 2 and silane is depicted in Scheme 4. The first steps of this pathway involve the formation of a hydride species followed by the insertion of CO 2 into the Cu-H bond affording a Cu-formato species (I). The latter complex undergoes metathesis with the silane to afford the copper hydride species and the siloxane II. The siloxane then reacts with the amine to form the amide derivative (III). The amide would further react with the [Cu(H)(NHC)] to form species IV. This intermediate, in the presence of silane, would regenerate the hydrido complex and release the desired compound.
In order to obtain a more detailed understanding of the pathway described, we carried out DFT calculations with both IMes-and IPr-based catalysts. The energetics of the transformation are reported in Scheme 4. Calculations indicate that activation of the initial pre-catalyst to the [Cu(H)(NHC)] species, as well as the CO 2 activation step by its insertion into the Cu-H bond of [Cu(H)(NHC)], leading to the formato species I, are relatively easy steps, with free energy barriers less than 10 kcal mol −1 . In order to corroborate the other steps of the proposed mechanism, stoichiometric NMR experiments were carried out (Scheme 6). By reacting 19 with N-methylaniline 5a in the presence of PhSiH 3 , 50% conversion towards N-methylformanilide 5c was observed. Noteworthy, the formation of the dimethylated compound was not observed. This is probably due to the short reaction time (7 hours rather than 20 hours). 15 As highlighted in Scheme 6, the presence of silane is crucial for the formylation of N-methylaniline. In fact, the reaction solely promoted by 19 was unsuccessful in the presence or absence of KO t Bu. 15 Finally, the reduction of 5c promoted by PhSiH 3 in the presence of the copper catalyst was carried out. After 7 hours, the reaction led to 64% conversion of the amide into the methylated product 5b confirming the methylation proceeds via N-formylamine intermediates. 15 
Conclusions
In conclusion, the first NHC-copper-catalysed methylation of N-H bonds using CO 2 and silane as reagents was reported. The scope of this transformation showed that secondary amines are converted under relatively mild conditions into the desired methylated products while primary amines provide a distribution of products depending on the nature of the substrate. DFT calculations supported by experimental work were carried out in order to elucidate the mechanism of this transformation.
Experimental

General information
All reactions were carried out under argon atmosphere using standard Schlenk and glovebox techniques. Chemicals were used as received unless otherwise noted. Dry toluene was obtained from a PureSolv SPS-400-5 solvent purification system. 1 H, and 13 C-{ 1 H} Nuclear Magnetic Resonance (NMR) spectra were recorded on a Bruker-400 MHz or 300 MHz spectrometers using the residual solvent peak as reference (CDCl 3 : δ H = 7.26 ppm, δ C = 77.16 ppm, CD 2 Cl 2 : δ H = 5.32 ppm, δ C = 53.84 ppm, C 7 D 8 : δ H = 2.08 ppm, δ C = 20.4 ppm) at 298 K. Elemental analyses were performed at London Metropolitan University. HMRS analyses were carried out by the EPSRC National Mass Spectro,metry Service Centre at Swansea University.
Synthesis of [Cu(OH)(IPr*)] (3)
In a glovebox, a round bottom flask was charged with [Cu(Cl)-(IPr*)] (250 mg, 0.25 mmol), CsOH (74 mg, 2 equiv.) and THF (12.5 ml). The reaction mixture was stirred at room temperature during 15 hours. The suspension was filtered through a plug of celite. The solution was concentrated and pentane (10 mL) was added. The colourless precipitate was collected by filtration and washed with pentane (3 × 5 mL). Bu (2.8 mg, 10 mol %) and toluene (2 mL). The amine substrate (0.25 mmol, 1 equiv.) and PhSiH 3 (123 μL, 1.0 mol, 4 equiv.) were added and the vial was sealed with a septum cap. The septum cap was pierced with a syringe needle and placed into a six-slot steal autoclave. The autoclave was sealed, purged twice with CO 2 and heated at 100°C (oil bath) under CO 2 atmosphere (2 bar) for 20 hours. The reaction mixture was then allowed to cool and the gas was carefully released. The reaction mixture was analysed by gas chromatography (GC). In the case of isolated products, dichloromethane (5 mL) was added to the crude and the mixture was extracted with HCl 1 M (3 × 10 mL). The aqueous layer was neutralised by addition of K 2 CO 3 (pH = 12) and extracted with diethyl ether (3 × 10 mL). The ether layer was dried over Na 2 SO 4 The default, adaptively generated PRIRODA grid, corresponding to an accuracy of the exchange-correlation energy per atom (1 × 10 −8 hartree) was decreased by a factor of 100 for more accurate evaluation of the exchange-correlation energy. Default values were used for the Self-Consistent-Field (SCF) convergence and the maximum gradient for geometry optimisation criterion (1 × 10 −4 au), whereas the maximum displacement geometry convergence criterion was decreased to 0.0018 au. Translational, rotational, and vibrational partition functions for thermal corrections to arrive at total Gibbs free energies were computed within the ideal-gas, rigid-rotor, and harmonic oscillator approximations. The temperature used in the calculations of thermochemical corrections was set to 298.15 K in all the cases.
Single-point (SP) energy evaluations. The energies were reevaluated at optimised geometries by means PBE GGA functional as implemented in Gaussian 09 code. 23 The effects from dispersion were included via DFT-D3(BJ) 24 correction term. All electron def2-tzvpp basis sets of Ahlrichs groups were used with corresponding density-fitting basis sets. 25 The default value for the SP SCF convergence was adopted. The "Integral (grid = ultrafine)" option was used for evaluation of the exchange-correlation term. Solvent effects. Electrostatic and non-electrostatic solvent effects were estimated by means of SMD 26 solvation model as implemented in Gaussian 09 code. The internal program values for toluene (dielectric constant, etc.) were adopted. A standard state corresponding to 1 M ideal dilute solution was used.
